Background: Death is uncommon in thyroid cancer patients and the factors important in predicting survival remain inadequately studied. The objective of this study was to assess prognostic effects of patient, tumor and treatment factors and to determine prognostic groups for thyroid cancer survival.
correlates are difficult to assess with single or even multiinstitutional studies. The benefit of more intensive treatment vs less and the role of race, sex, and age in prognosis remain controversial (6 -12) . The development of comprehensive prognostic groups is important as it will allow tailoring of treatment intensity.
To identify prognostic groups, to determine the role of age and other patient, tumor, and treatment variables in survival, and to establish the unique interactions between these variables, we performed analyses based on survival trees, random forest, and Cox proportional hazards regression on 43,392 well-differentiated thyroid cancer patients diagnosed in 1998 -2005 affiliated with the Surveillance, Epidemiology and End Results Program (SEER). Similar analyses were performed on 131,484 well-differentiated thyroid cancer patients affiliated with the National Cancer Database (NCDB) between 1998 -2005. We hypothesized that age and stage would be the primary factors determining outcome and that race, sex and treatment would have a minimal role in predicting overall survival.
Materials and Methods

Data Source and Study Population
Data were collected from the SEER Program of the National Cancer Institute (NCI) which provides information on cancer incidence and survival statistics among the United States population. It is the only comprehensive source of population-based cancer data in the United States that includes stage of cancer at time of diagnosis and patient survival data. Its inclusive cancer registries cover 28% of the U.S. population (13). The study cohort included 43,392 well-differentiated thyroid cancer patients (papillary, follicular, and Hurthle cell cancer) from SEER diagnosed between 1998 -2005. The median follow-up for this cohort was 7.5 years.
The NCDB data were obtained from the NCDB Participant User File (PUF). The NCDB is a joint project of the Commission on Cancer of the American College of Surgeons and the American Cancer Society. Larger than any other US Cancer registry, it captures 70% of all cancers in the United States (14) . Data are coded and reported according to established protocols. Data undergo integrity checks, internal monitoring and quality review (15) .
The NCDB study cohort included 131,484 well-differentiated thyroid cancer patients diagnosed between 1998 -2005. The median follow-up for this cohort was 6.7 years.
Institutional Review Board (IRB) approval was not required since this study involved research using publicly available data and could not be tracked to human subjects.
Measures
SEER Cohort
Age at diagnosis was analyzed as a continuous variable and as a categorical variable (Յ30, 31-40, 41-50, 51-60, 61-70, 71-80 and Ն 81 years). Race was categorical comprising white, black and other (Asian, American Indian/Alaska Native, Native Hawaiian and Pacific Islander), and ethnicity was divided into non-Hispanic and Hispanic. Household income and percent education level less than a high school diploma were assigned based on county of residence at the time of diagnosis matched to the 2000 US Census data. The rural-urban continuum variable was created by matching the patient's state and county Federal Information Processing Standard code at time of diagnosis to files published by the U.S. Department of Agriculture Economic Research Service. Tumor characteristics included histology, stage and tumor size. Histology was categorized into papillary, follicular, and Hurthle cell cancer. Tumor stage was categorized into localized, regional and distant metastases. Localized includes tumor(s) confined to the thyroid or into the capsule but not beyond. Regional includes direct extension to blood vessels, nerves, muscles, thyroid cartilage, etc., and tumor described as "fixed to adjacent tissues." It also includes regional lymph node involvement. Distant includes distant lymph nodes and extension to bone, mediastinal tissues, etc., (13) Tumor size was categorized as Յ 1 cm, 1.1-2 cm, 2.1-4 cm, and Ͼ 4 cm. Treatment was classified as total thyroidectomy (TT), lobectomy (L), radioactive iodine (RAI) and no radioactive iodine (no RAI). Overall survival (OS) was defined as the time interval from diagnosis to death or time of censoring. Disease-specific survival (DSS) was defined as the time interval from diagnosis to death from thyroid cancer or time of censoring.
NCDB Cohort
The same patient characteristics were included as in the SEER cohort. Additionally, the NCDB dataset included details on health insurance. Health insurance was divided into private/government, Medicaid, Medicare and not insured. Demographic data were derived at the zip code level instead of county level. Staging differed because the NCDB cohort uses American Joint Committee on Cancer Tumor Nodes Metastasis (AJCC TNM) staging instead of SEER stage. Treatment variables were compiled with surgery and radioactive iodine included. The NCDB data were analyzed in a secondary analysis.
Statistical Analysis
We performed two sets of similar analyses for each of the endpoints: OS and DSS. Survival tree analysis was used to construct distinct prognostic groups, such that within each group patients have similar outcome, but differ between groups (16 -19) . The terminology of trees is graphic: a tree T has a root which is the top node, and observations are passed down the tree, with decisions being made at each node (also called daughters) until a terminal node or leaf is reached. Each nonterminal node (also called internal node or parent node) contains a question on which a split is based.
In the tree paradigm, the covariate space is partitioned recursively in a binary fashion. The partitioning is intended to increase within-node homogeneity, where homogeneity is determined by the outcome variable. There are three basic elements for constructing a tree. These are: (1) tree growing, (2) finding the "right-sized" tree, and (3) testing. The first element is aimed at addressing the question how and why a parent node is split into daughter nodes. Binary splits, phrased in terms of the covariates, are used to partition the predictor space. Each split depends upon the value of a single covariate. For ordered (continuous or cat-egorical) covariates, X j, only splits resulting from questions of the form "Is X j
Յc?" for a fixed value c are considered, thereby allowing at most n-1 splits for a sample of size n. For nominal covariates no constraints on possible subdivisions are imposed. Thus, for a nominal covariate with M categories, there are 2M-1 -1 splits to examine.
Our analyses began with the entire patient cohort and found the best split into two groups based on a variable that makes the resultant two groups most homogeneous within themselves. For the censored survival endpoints, within group homogeneity was measured using deviance based on a proportional hazards model for each group (17) . The two groups were again partitioned (each group being split on the same or other variables), thereby creating a tree structure. At each step to select the best split the tree-growing paradigm examined every possible cut point for each prognostic variable. This process was continued until the groups reached a minimum size (Ͻ20 patients in each group). Because the resulting tree was overgrown (thereby over fitting the data), a subtree was chosen using cost-complexity pruning (17, 20, 21) . The final tree contained "terminal" groups with similar survival. Ten-and five-year survival rates were calculated as summary measures for each terminal group. Although the above method ensures that left and right terminal groups from the same parent are significantly different in terms of survival, it is possible that terminal groups from distinct parents may have similar survival. Therefore, further amalgamation of terminal groups with similar survival was performed. For amalgamation, we first ordered the terminal groups based on hazard ratio (HR) of a terminal group relative to the leftmost terminal group of the final tree. The monotone ordering was then coded as a single ordered covariate, and the survival tree algorithm was used again to form the final prognostic groups (21) .
Next, we performed random survival forest analyses of our data (22) (23) (24) . Random survival forest is an ensemble of unpruned survival trees, induced from bootstrap samples of the data, using random feature selection in the tree induction process. Correlation reduction is achieved by the random feature selection. At each step of the splitting process, instead of evaluating all allowable splits on all variables, as is done with growing a single tree, a subset of the covariates are drawn at random. We grew 500 trees in the forest. Survival predictions for each patient were made by averaging the predictions across all trees in the forest. Furthermore, as a byproduct of the forest we obtained a collection of variables that were frequently used in the forest, with the frequency of uses indicative of the importance of these variables. The frequencies were used to rank the variables in terms of their relative importance to survival (22) .
Finally, Cox proportional hazards regression analyses were performed on this patient cohort using the same variables used in the tree and forest analyses. Results obtained using proportional hazards analyses were compared with those generated by survival tree and random survival forest.
All analyses were performed using the statistical software R and SAS. Specifically, for growing the survival tree and random survival forest, we used the rpart and randomForestSRC packages in R, respectively (24, 25) . For Cox regression, we used PROC PHREG in SAS. Table 1 shows the descriptive data and results from the Cox proportional hazard regression analyses for the association of patient, tumor, and treatment characteristics with DSS and OS. The majority (77%) of patients were women, 83% white and 87% non-Hispanic. Most patients had low risk disease with 32% having tumor size Յ 1 cm, 63% with localized disease and 96% without distant metastases. The most common histopathology (89%) was papillary thyroid cancer. There was a positive association between age and survival. Older patient age was significantly associated with worse DSS and worse OS (Table 1) . Distant metastases was an important predictor for both DSS (adjusted HR, AHR 29, 95% CI: 22.9 -36.7) and OS (AHR 4.9, 95% CI: 4.4 -5.5), compared to localized stage. Tumor size was an important predictor for DSS (compared to tumor size Յ 1 cm, AHR for tumor size 2.1-4 cm was 2.2 (95% CI: 1.7-2.9), AHR for Ͼ 4 cm was 4.4 (95% CI: 3.3-5.8)). Figure 1 shows the survival tree for DSS based on SEER data. At each level of the tree, we show the best splitter (covariate with cut point). Circles denote terminal groups in the tree. Within each terminal group, the first percentage denotes the 5-year DSS rate and the second percentage denotes the 10-year DSS rate respectively. For each terminal group we also report the ratio of the crude number of events (numerator) to the total number of patients in that terminal group (denominator). The tree was initially split by stage: localized, regional vs distant. For patients with distant metastases, age Ն 52 years was a significant predictor of DSS (5-and 10-year DSS in patients Ն 52 years vs Յ 51 years were 64% vs 95%, and 50% vs 93%, respectively). There are four prognostic groups. Group I (red) contains patients Յ 63 years old with localized disease or patients Յ 48 years with regional disease. Group II (blue) contains patients age 49 -63 with regional disease or age Ն 64 with localized disease. Group III (green) includes patients age Ն 64 with regional disease or age Յ 51 with distant disease. Group IV (gold) contains patients Ն 52 with distant disease. Figure 2 shows the survival tree for OS based on SEER data. For each terminal group, 5-year and 10-year OS rates are presented. The first split in the tree was by age Յ 61 vs Ն 62 years. All subsequent splits were based on age, sex and SEER stage. Patients with distant metastases did significantly worse than those with localized or regional stage disease, regardless of age. There were four distinct prognostic groups for SEER overall survival. Group I (red) consist of female patients Յ 49 years. Group II (blue) includes male patients Յ 49, patients age 50 -61 with localized/regional disease, or female patients age 62-70 with localized/regional disease. Group III (green) includes female patients age 71-75 with localized/regional disease and male patients age 62-75 with localized/regional disease. Group IV (gold) includes patients age 50 -61 with distant disease, patients age 62-75 with distant disease, patients age Ն 76 with localized/regional disease, or patients age Ն 76 with distant disease. Based on the amalgamation method described earlier, we identified four final prognostic groups for DSS, as well as OS. Figure 3A shows the Kaplan-Meier curves for the four prognostic groups based on DSS. The 5-year and 10-year DSS rates of these prognostic groups are as follows: Group I 100% and 100%, Group II 98% and 96%, Group III 91% and 85%, and Group IV 64% and 50%, respectively. Figure 3B shows the Kaplan-Meier curves for the four prognostic groups based on OS. The 5-year and 10-year OS rates of these prognostic groups are as follows: Group I 99% and 98%, Group II 96% and 90%, Group III 84% and 66% and Group IV 65% and 39%, respectively. Figure 4A illustrates the relative importance of each of the patient, tumor and treatment variables to DSS based on the random survival forest analysis. Tumor stage (1.00) and patient age at diagnosis (0.97) were most important in determining DSS. The relative importance of tumor size was 0.32. All other variables had a smaller role in predicting DSS as their relative importance was Ͻ 0.03. Figure 4B illustrates the relative importance of each of the patient, tumor and treatment variables to OS based on the random survival forest analysis. Patient age at diagnosis was most important in determining OS (1.00). The relative importance of stage was far lower at 0.13 and sex at 0.06. All other variables had a much smaller role in predicting OS with relative importance Ͻ 0.04.
Results
Results from analysis of the NCDB cohort for OS were similar to those from the SEER cohort, with age at diagnosis being the primary determinant for OS (variable importance 1.00). Figure 4C shows the relative importance of each of the patient, tumor and treatment variables to OS based on the random survival forest analyses on the NCDB cohort.
Discussion
Strengths of this study include the large cohorts of patients, the exhaustive set of patient, tumor and treatment variables, and the novel methodology. The survival tree and random survival forest methodology used in this study allowed us to naturally define prognostic groups, identify factors most important in predicting survival, and assess interactions between these factors. Although traditional methodologies such as Cox proportional hazards regression allow for assessment of prognostic factors, these methods are not naturally adept at prognostic stratification or assessment of relative importance. Discovery of interactions is also difficult using Cox regression since interactions have to be specified a priori. Use of this novel methodology allowed for an important advance in the thyroid cancer field.
Moreover, the large sample sizes allowed us to construct distinct prognostic groups incorporating all potential known correlates of survival. We found that relative to other patient, tumor and treatment variables, age is the single most important factor that strongly correlates with outcome for both DSS and OS. Stage is an important determinant for DSS but has less relative importance than age in OS.
Unlike most malignancies, age is incorporated into the thyroid cancer staging systems (26, 27) . With the AJCC staging, patients Ͻ 45 years are stage I unless they have distant metastases when they are stage II. In patients Ն 45 years, tumor size, lymph node metastases, extrathyroidal extension and distant metastases are incorporated into staging (26) . Recent studies have challenged the rigid age cut-off of 45 years. A German study found that when allcause mortality was compared in patients with well-differentiated thyroid cancer vs the general population there was a moderate decline in survival in patients aged 45-59 and a significant decline in those over age 60 (28) . Another study found that starting at age 40 there is a steady decline in the OS of thyroid cancer patients (9) . Furthermore, a recent study has developed a nomogram for predicting probability of death from thyroid cancer with increasing age associated with increased cumulative incidence of death (29) . Our study supports these findings, suggesting Our study emphasizes the importance of age at diagnosis and tumor stage for DSS, as the relative importance of the other patient, tumor and treatment variables are dwarfed in comparison. Even though death is uncommon in thyroid cancer patients, the SEER cohort sample size allowed us to identify distinct prognostic groups ranging in 10-year DSS between 50% and 100%, and 10-year OS between 39% and 98%, and to determine the age cut-offs most relevant to prognosis. Results from the Cox regression analysis demonstrate that instead of a threshold effect, age has an approximate linear effect on survival. Our data suggests that age should be considered in a continuous manner instead of with the rigid cut-off of Ͻ 45 vs Ն 45 years old. With increasing age there is a decline in both DSS and OS.
We conducted a parallel analysis of the NCDB data cohort, as this offered a sample size close to three times larger than SEER and exhibited more granular data, with inclusion of health insurance and demographic data derived from zip code. Using this cohort as confirmatory testing, we have again shown that in older patients only age and tumor characteristics determine OS whereas in younger patients additional clinical and nonclinical factors such as insurance and sex influence prognosis. In general, similar results were found as with SEER data, with age being the overwhelming determinant of OS. There is controversy regarding the role of sex in thyroid cancer outcome. Some studies have found that male sex is associated with a worse prognosis in younger thyroid cancer patients and others that after controlling for disease severity male sex does not affect survival (9 -12, 30) . The survival tree methodology we used allowed us to evaluate interactions between variables. Interestingly, compared to age and stage, the relative importance of sex was small. Sex Thyroid Cancer Prognostication J Clin Endocrinol Metab did play a role in OS, both with SEER and NCDB data, but the importance was diminished compared to the importance of age. For example male patients aged 62-75 years with local or regional stage compared similarly to female patients aged 71-75 years with same stage (5-year survival 84% vs 86%, 10-year survival 64% vs 68%). In the NCDB cohort, sex only affected outcome in certain subgroups of patients Յ 62 years. The reason for these sexspecific differences in OS is unclear but may be related to general differences in male vs female life expectancy. Alternatively, others have speculated that estrogen may be protective in younger female patients with thyroid cancer (10, 31) . Our model included a comprehensive set of patient, tumor and treatment variables and allowed us to prioritize the importance of specific variables in regard to outcome. Previous studies found a relationship between race and thyroid cancer outcome (9) . Moreover, recent studies demonstrated controversy in regard to appropriate treatment intensity for thyroid cancer patients (6, 7) . However, in this current study, treatment, education, income, ruralurban continuum, race, ethnicity, etc., played a minor role in survival.
In order to obtain a more comprehensive understanding of thyroid cancer outcome, we used both DSS and OS data. Although DSS data are considered the gold standard, some believe that it may underestimate cancer related deaths (32) . It has been shown that death certificate errors can lead to mistakes in the estimation of DSS (32) . Also, by using OS for a cancer with a low rate of cancer-specific death, the relative importance of the cancer diagnosis is more evident.
A known limitation of this study is the lack of data on cancer recurrence. Thyroid cancer recurrence is more common than death from thyroid cancer and the factors that influence recurrence may differ from those that influence survival (33) . In addition, inherent to all large national cancer registries, although there is a breadth of information, some details, are not available, or are clustered together with other variables, such as extrathyroidal extension and lymph node metastases both being included within the SEER stage regional. Finally, although treatments are included in the analysis, this is not a randomized control trial and therefore the conclusions on the role of treatment are more limited. Despite limitations, similarities of results with SEER and NCDB support the importance of findings.
This study has clear implications for patients and healthcare providers. The survival tree-model offers a new staging tool that will help providers assign individual patients to the appropriate prognostic group and then recommend treatments/monitoring intensity appropriately. With distinct prognostic groups created, our study can be used to inform patients of prognosis and to tailor treatment regimens, with the most aggressive management reserved for higher risk patients. Similarly, our study results can be used to determine clinical trial eligibility, with better estimates of which patients have greater opportunity for survival benefit. A. Kaplan-Meier curves for the four distinct prognostic groups based on disease-specific survival. Group I (red) contains patients < 63 years old with localized disease or patients < 48 years with regional disease. Group II (blue) contains patients age 49 -63 with regional disease or age > 64 with localized disease. Group III (green) includes patients age > 64 with regional disease or age < 51 with distant disease. Group IV (gold) contains patients > 52 with distant disease. B. Kaplan-Meier curves for the four distinct prognostic groups based on overall survival. Group I (red) consist of female patients Յ 49 years. Group II (blue) includes male patients Յ 49, patients age 50 -61 with localized/regional disease, or female patients age 62-70 with localized/regional disease. Group III (green) includes female patients age 71-75 with localized/regional disease and male patients age 62-75 with localized/regional disease. Group IV (gold) includes patients age 50 -61 with distant disease, patients age 62-75 with distant disease, patients age Ն 76 with localized/regional disease, or patients age Ն 76 with distant disease. 
